It has been proposed that the virulent human malaria parasite Plasmodium falciparum underwent a recent severe population bottleneck. In order to test this hypothesis, we estimated the e¡ective population size of this species from the patterns of nucleotide substitution at 23 nuclear protein-coding loci, using a variety of methods based on coalescent theory. Both simple methods and phylogenetically based maximumlikelihood methods yielded the conclusion that the e¡ective population size of this species has been of the order of at least 10 5 for the past 300 000^400 000 years.
INTRODUCTION
The malaria parasite Plasmodium falciparum is a major human disease agent, responsible for approximately two million deaths annually worldwide (World Health Organization 1997) . Rich et al. (1998) proposed that this species underwent a recent severe population bottleneck and that all living members of the species are descended from a single haploid genotype that lived between 24 500 and 57500 years ago. The hypothesis that P. falciparum underwent a recent severe bottleneck has signi¢cant implications for attempts to control this important human pathogen. A species descended from a single ancestor in the past few thousand years is expected to have an extremely low level of genetic polymorphism. If this were true of P. falciparum, it would imply that there is negligibly small pre-existing genetic variation in the parasite population with respect to responses to vaccines and other therapeutic agents, considerably facilitating the task of control. On the other hand, strategies for the control of a genetically highly polymorphic pathogen will necessarily be more complex.
Coalescent theory provides methods for estimating e¡ective population size (N e ) on the basis of neutral genetic polymorphism (Watterson 1975; Tajima 1983; Nei 1987; Felsenstein 1992; Kuhner et al. 1995 Kuhner et al. , 1998 ). We applied a number of these methods to DNA-sequence data from alleles at 23 nuclear protein-coding loci of P. falciparum in order to test the hypothesis of a recent population bottleneck. We chose only loci for which there was no evidence of positive Darwinian selection. Positive Darwinian selection is expected to in£uence the extent of nucleotide polymorphism at a locus in two di¡erent ways, depending on the nature of the selection. In the case of balancing selection (such as overdominant selection) polymorphism is maintained for much longer than in the case of selective neutrality (Takahata & Nei 1990) . As a result, alleles will accumulate a large number of nucleotide di¡erences, as seen in the case of the majorhistocompatibility-complex genes of vertebrates (Hughes & Hughes 1995a ). On the other hand, directional selection, in which a single allele is favoured, will lead to a reduction in polymorphism in the region of a selectively favoured mutation because linked sites will`hitch-hike' along with the selected site, a phenomenon referred to as a`selective sweep' (Charlesworth 1992) .
Using only loci at which we found no evidence of either type of positive selection, we applied methods for estimating N e both to all nucleotide sites and to synonymous (silent) sites alone. Because synonymous substitutions are likely to be selectively neutral or nearly so in most organisms (Nei 1987) , estimates of N e on the basis of synonymous sites would seem to be preferable to those based on all sites in coding regions. However, in this case, the results using synonymous sites and those using all nucleotide sites showed only slight di¡erences (see ½ 3); this suggests that much of the non-synonymous polymorphism observed at the loci we analysed is selectively neutral or nearly so.
METHODS

(a) Sequences analysed
We analysed published sequence data for partial or complete coding regions from two or more alleles at 23 loci for which we could ¢nd no evidence of positive Darwinian selection (Genbank accession numbers in table 1). As a criterion of positive Darwinian selection at a locus, we compared the number of synonymous nucleotide substitutions per synonymous site (d S ) with the number of non-synonymous substitutions per nonsynonymous site (d N ) (Nei & Gojobori 1986) . When d N in the whole coding region, or in a particular domain of the gene, signi¢cantly exceeded d S , we took this as evidence of positive selection favouring amino-acid replacements (Hughes & Nei 1988) . In this case, since only comparisons within P. falcip arum were involved, positive selection could take one of two forms: balancing selection favouring polymorphism at the amino-acid level or recent directional selection favouring an allele that is not yet ¢xed. A pattern of d N 4 d S has previously been reported for a number of loci encoding surface proteins of P. falcip arum that are immunogenic to the host, suggesting that host immune recognition maintains a balanced polymorphism at these loci (Hughes 1991 (Hughes , 1992 Hughes & Hughes 1995b; Verra & Hughes 2000 (Basco et al. 2000) .
(b) Divergence time and mutation rate
We use the notations º S and º N to denote, respectively, the mean pairwise numbers of synonymous and non-synonymous substitutions per site among alleles at a locus. The mean time to coalescence (last common ancestor) of pairs of alleles at a locus can be estimated as º S /2 S , where S is the rate of synonymous substitution (per site per year). We estimated S and · (the neutral-mutation rate per site per generation) by comparison of synonymous sites between genes in our sample (ookinete antigen, Pf27/25, RAP-1 and SSA) for which sequences were available for the chimpanzee malaria parasite Plasmodium reichenowi (Genbank accession numbers provided in table 1). Phylogenetic analyses have shown that P. falcip arum and P. reichenowi are sister taxa (Escalante & Ayala 1994; Hughes & Hughes 1995b; Escalante et al. 1998) , and are consistent with the hypothesis that these two species diverged when their host species diverged (Escalante et al. 1998 a Indicates partial coding region. Genbank accession numbers: aldolase (AF179421, J03084, M28881); calmodulin (M59349, M99442); cyclophilin 1 (AF177281, U10322); DHFR-TS (AF248503^18, AF248527^29, AF248531^5, AF248537, J03028, J03772, J04043, M22159); EBA-175 (AF258781, X52524); EBL-1 (AF131999, L38450); enolase (AB026051, U00152); falcipain 2 (AF239801, AF251193, AF282975^9); falcipain 3 (AF258791, AF282974); GBP (M12897, M27438); GLURP (AF247634, AJ269898^901, AJ269903^9, AJ269911^40, M59706); GRP78 (L02822, X69121); G6PD (M80655, X74988); HSP60 (U38963, U94594); HSP90 (L34027^8, Z29667); LSA-1 (L40834^7, L408849 3, L40908^10, L40947, X56203, Z30320); ookinete antigen (AF154117, X07802, Plasmodium reichenowi M36915); Pf27/25 (AF179422, X84904); RAP-1 (AF205282^4, AF206631, M32853, M80807, U20985); SOD (AF113142^67, Z49819); SSA (AF177634^6, AF206630, X81648, Z22145, P. reichenowi L33882); STARP (AF209925, Z26314, P. reichenowi Z30339);TPI (L01654^5).
substitutions per site per generation. To provide upper and lower bounds for S and ·, both values were used in our analyses.
(c) Estimation of N e
The coalescent theory predicts the following relationship:
where · t is the mean number of generations to the coalescence time of n alleles at a locus sampled at random from the population (Tajima 1983; Nei 1987, p. 395) . For each locus, we estimated the coalescence time using d Smax (the d S value between the most distant pair of alleles) and ·, and then computed N e from equation (2.1). For an overall estimate of N e , the mean of the 23 individual N e estimates was used. The parameter ˆ4N e · can be estimated as follows:
where s * is the minimum number of mutations per nucleotide site, n is the number of sequences examined, a 1ˆn
2 ) and c 2ˆ( 4a 1 /3)7(7a 3 /3a 1 ) (Tajima 1996) . Tajima (1996) and Misawa & Tajima (1997) give modi¢ed versions of equation (2.2) taking into account rate variation between sites, assuming that rates vary according to a gamma distribution. In preliminary analyses, we applied these methods after estimating the gamma parameter following Tamura & Nei (1993) ; however, the results were virtually identical to those obtained using equation (2.2). This was expected since the correction for rate variation between sites has negligible e¡ect if is low (Misawa & Tajima 1997) , as was true in this case. Therefore, we present results using equation (2.2). This method does not assume the in¢nite-sites model, which is not strictly applicable to DNA-sequence data (Tajima 1996) .
In addition to equations (2.1) and (2.2), we used the maximum-likelihood methods incorporated in the FLUCTUATE program of Kuhner et al. (1998) to estimate . This program provides both a method assuming constant N e , the results of which are directly comparable to the results of equations (2.1) and (2.2), and a method in which exponential population growth or decline is assumed. The latter simultaneously estimates both and g, where g is the rate of population growth (or decline) per · per generation. Because these methods are based on a phylogeny, a minimum of three alleles at a locus is required.
RESULTS
At the 23 loci for which the hypothesis of neutral evolution could not be rejected, 10 479 codons were examined ( 5 years. These times are an order of magnitude or more lower than the coalescence times that have been estimated for loci in P. falciparum that are subject to balancing selection arising from host immune recognition (Hughes 1992; Hughes & Verra 1998; Verra & Hughes 2000) . Thus, these estimates of mean coalescence time are consistent with the hypothesis that polymorphisms at the 23 loci analysed are selectively neutral or nearly so.
Applying equations (2.1) and (2.2) to the 23 loci produced estimates of N e between about 300 000 and 800 000 (table 2). Equation (2.1) provided slightly higher estimates of N e than equation (2.2), while applying equation (2.2) to four-fold degenerate sites provided slightly lower estimates than applying equation (2.2) to all sites (table 2) .
Because the maximum-likelihood methods require at least three polymorphic sequences, they could be applied only to a smaller set of loci than the other methods. There were nine loci for which the maximum-likelihood method could be applied to all sites, and only four loci for which maximum-likelihood methods could be applied to four-fold degenerate sites (table 3). Table 2 shows estimates of N e on the basis mean values for the maximumlikelihood method assuming a constant population size. Using either all sites or only four-fold degenerate sites, this method estimated N e at around one million (table 2) . Thus, these estimates of N e were somewhat higher than those based on equations (2.1) and (2.2) (table 2). Because the loci to which maximum-likelihood methods could be applied were among the most polymorphic loci (tables 1 and 3), this method may have somewhat overestimated N e .
For the maximum-likelihood method allowing for population growth or decline, estimates of g were greater than zero for all nine loci used in analyses based on all sites and for three out of four loci used in analyses based on four-fold degenerate sites (table 3) . Using z-tests based on the approximate estimates of the standard error of g for each locus, g was signi¢cantly di¡erent from zero in six out of nine loci used in analyses based on all nucleotide sites and in two out of four loci used in analyses based on fourfold degenerate sites (table 3) . In addition, the mean estimate of g for the nine loci for which all sites were used was signi¢cantly di¡erent from zero (table 3) . Thus, overall, the results supported the hypothesis that the population of P. falciparum has been increasing. The mean estimate of assuming population growth was slightly higher when all sites were used, but the mean estimate of g was very similar (table 3) . Given our estimates of ·, the mean estimates of g were expressed as estimates of the instantaneous growth rate per generation (r) (table 4). Using these data, the current N e for P. falciparum was estimated to be of the order of 10 6^1 0 7 . Extrapolating backwards in time and assuming exponential population growth, estimates for N e were of the order of 10 6 200 000 years ago and of the order of 10 5 300 000^400 000 years ago (table 4). As in the case of equation (2.2) (table 2), slightly lower estimates of N e were obtained when only four-fold degenerate sites were used than when all sites were used (table 4). Note that estimates for 300 000 years ago showed good agreement with the estimates based on equation (2.1). Since the mean coalescence time for alleles at the 23 loci was around 300 000 years ago, this agreement revealed remarkable consistency between these di¡erent methods of estimating N e .
DISCUSSION
Our results revealed substantial genetic polymorphism in P. falciparum at both synonymous and non-synonymous nucleotide sites (table 1) . Rich et al. (1998) based their conclusion of a recent bottleneck in P. falciparum on their observation of no synonymous di¡erences in a small sample of loci. By contrast, in our sample, non-zero values of d S were obtained for 14 out of 23 loci, and some polymorphism was observed at all but six loci (table 1) . A similar study of human polymorphism reported synonymous di¡erences at only eight out of 49 loci examined (Li & Sadler 1991) All methods used indicated that the e¡ective population size of P. falciparum is quite high and has been of the order of 10 5 for at least the past 300 000 years. Thus, no support was obtained for the hypothesis of a recent worldwide severe population bottleneck (Rich et al. 1998) . Our estimates of N e depend on our estimates of S and ·, which in turn depend on the assumption that P. falciparum and P. reichenowi diverged around the time that humans and chimpanzees diverged. Escalante et al.'s (1998) analysis of Plasmodium mitochondrial cytochrome b sequences provides support for this hypothesis. The extent of nucleotide divergence between P. falciparum and P. reichenowiin the cytochrome b gene is consistent with the species having diverged at around the time of the human^chimpanzee divergence, given a mutation rate similar to that of other Plasmodium species parasitic on Asian primates whose dates of radiation have been estimated from the fossil record (Escalante et al. 1998) . Escalante & Ayala (1994) reached a similar conclusion based on comparison of rRNA sequences. Note also that our estimates of S are similar to those for other eukaryotic nuclear genes (Li 1997) . The assumption of exponential population growth or decline made by Kuhner et al.'s (1998) method is no doubt unrealistic in many cases, quite possibly including P. falciparum. None the less, there was good agreement between the results produced using this method and methods assuming a constant population size (tables 2 and 4). If there has been population £uctuation, the latter methods provide an estimate of the long-term N e , taking into account the changes in population size. A long-term N e of ca. 10 5 over the past 300 000^400 000 years provides a good ¢t with the results of both methods (tables 2 and 4). By the maximum-likelihood method assuming population growth, we estimated that N e has increased from ca. 10 5 to ca. 10 7 over the past 300 0004 00 000 years (table 4), but in that case the long-term e¡ective population size over the whole time interval is closer to the lower number (Nei 1987, p. 362) .
There is some evidence that recent population growth in P. falciparum has been episodic rather than exponential. It has long been speculated that the population size of P. falciparum may have increased sharply at the time of the introduction of agriculture in West Africa, about 6000 years ago (Livingstone 1958) . Presumably this expansion occurred both because of the expansion of the human population resulting from agriculture and because environmental changes caused by agriculture increased the habitat for mosquito vectors. Moreover, the development of agriculture may have been a key event in the emergence of anthropophilic taxa within the vector species complexes Anopheles funestus and Anopheles gambiae, which in turn may have led to an increase in the transmission rate (Coluzzi 1999 ). More recently, P. falciparum is believed to have spread from its place of origin to other parts of the world, a process in which the African slave trade evidently played a role. Analysis of microsatellite data from P. falciparum populations in di¡erent geographic regions has provided evidence of this most recent expansion (Anderson et al. 2000) . The data presented here are consistent with a recent sharp population expansion in a species that had a substantial long-term e¡ective population size prior to the expansion.
There is evidence at a number of polymorphic loci encoding immunogenic surface proteins of P. falciparum that polymorphisms have been maintained by balancing selection over millions of years (Hughes & Verra 1998; Verra & Hughes 2000) . Given a su¤ciently large N e , long-term maintenance of polymorphism is expected under balancing selection (Takahata & Nei 1990 ). However, the evidence of ancient selectively maintained polymorphisms in P. falciparum is not consistent with the hypothesis that worldwide populations of this species have a recent common ancestor (Hughes & Verra 1998 ). The present estimates of N e in P. falciparum, on the other hand, are easily compatible with long-term maintenance of balanced polymorphisms.
In summary, we found that a variety of methods for estimating e¡ective population size from DNA-sequence data indicated a substantial long-term e¡ective population size in P. falciparum. Remarkable agreement between di¡erent methods provided robust support for this conclusion. As a consequence, we predict the overall extent of genetic polymorphism in this species to be substantial. Of course, due to genetic drift or a recent selective sweep, a given genomic region may show little or no polymorphism. Likewise, if a recent population bottleneck occurred during the colonization by P. falciparum of a particular geographic region, then polymorphism within that region may be low (Maitland et al. 2000) . Similarly, spread of a genotype in an isolated outbreak may lead to a substantial local reduction in genetic diversity (Arez et al. 1999) . None the less, our results suggest that, worldwide, P. falciparum will reveal a high degree of genetic diversity, particularly in Africa, where the species originated. This polymorphism is likely to include currently neutral but potentially selectable polymorphisms conferring an ability to respond to selection, including selection imposed by human therapeutic agents.
